The edge and internal morphology of coke with different contents of UPC (unburned pulverized coal) after reaction with CO2 were analyzed by SEM. The influence of UPC on CRI (coke reactivity)，CSR (coke strength after reaction) and apparent porosity was also studied. The synthetic weighted mark method was used to analyze the comprehensive effect of UPC content on coke quality. The results show that because the decrease of the content of intermediates Cf(O) and C(O)Cf(O), so the restrictive step between the coke and CO2 is interfacial chemical reaction, and it accords with the Mckewan equation 1-(1-α) 1/3 =kt. The UPC has a strong effect on coke when the content of UPC is 10~20%, meanwhile , the CRI and apparent porosity are significantly decreased by 6.8% and 9.5% respectively, and the CSR is significantly increased by 3.8%. The UPC can effectively reduce the effect of CO2 on the edge and internal erosion of coke, the large pores and pulverization of coke were avoided. The results of synthetic weighted mark method shown that the comprehensive quality of coke changed greatly when the content of unburned pulverized coal is 11.24~20.87%, which is agreement with the experimental results. Coke is an important metallurgical material and has irreplaceable function in BF (blast furnace) process because of its special properties. Under the reaction conditions of BF, coke will involve in many multiphase reactions (gas-solid reaction, liquid-solid reaction, solid-solid reaction) until reacted completely [1] . The multiphase reaction and degradation process of coke in BF are shown in Figure 1 . The research results of BF dissection at home and abroad have proved that coke loss mass caused by boudouard reaction of coke (C+CO2=CO) accounted for 20~30% of total mass of the coke, which is the main reason for the decrease of coke strength and grain size [2] [3] [4] [5] [6] [7] [8] . Because of lower temperature in upper part of BF and lower CO2 concentration in lower part of BF, the boudouard reaction of coke is mainly occurred in the temperature range of 1000~1200°C in cohesive zone. A large amount of broken coke and powder will be generated if the coke degradation in this area is serious , which will seriously hinder the gas flow and affect the smooth operation of the BF.
That will cause unstable pressure difference in BF and destroy the reasonable distribution of BF gas.
However, previous studies have often ignored the effect of UPC on coke in BF. The coke is the only solid material in the BF after the ore is melted at high temperature, which is very important to keep gas-liquid permeability and the activity of hearth [29] . Therefore, it is necessary to study the influence mechanism of UPC on coke. The main focus of this study is the positive influence of UPC on coke quality. 
Figure 1. The degradation process of coke in BF 2. Experimental Section 2.1 Experimental materials
The experimental raw materials are anthracite and coke used in the BF. It is very difficult to obtain the UPC from the BF. Therefore, the anthracite is placed in the high-temperature heating furnace and heated to 1100°C then pyrolusis 1h under anaerobic conditions in the laboratory, and then cooled to room temperature under nitrogen atmosphere to get UPC [30] . The UPC particle size less than 0.074mm accounted for 70%. The size of the coke is made into Φ18~Φ23mm according to GB/T4000-2008 and dried at 175°C for 2 hours. The industry analysis of pulverized coal and coke are shown in Table 1 , and the chemical composition of UPC is shown in Table 2 . 
Experimental process and conditions (1) Single sample reactivity
To compare the reactivity of UPC and coke, the experiments about react of UPC or coke with CO2 were carried out respectively. The UPC (4g) or coke (200g) was placed into a reaction device respectively to react with CO2 for 2 hours at 1100°C, and the weight change data recorded every 2 min.
(2)Mixed sample reactivity In order to explore the effect of UPC on coke quality under the condition of CO2, the reactivity experiment of mixed sample was carried out. The coke (200g) mixed with different contents of UPC, then placing them into a reaction device to react with CO2 for 2 hours at 1100°C, and the weight change data recorded every 2 min. The experimental conditions are shown in table 3.
The amount of UPC is calculated as following method. According to the actual situation of the BF, that is, the coal ratio is 150 kgt -1 and the coke ratio is 350 kgt -1 . It is assumed that the combustion rate of pulverized coal injected into the BF is 100%, 90%, 85%, 80%, 75% and 70% respectively. For example, when the combustion rate of pulverized coal is 90%, the content of the UPC will be 8.57g. The formula is as follows. In this process, the mass of coke is always 200g.
UPC content=150× (1-90%) ×200÷350=8.57g (1) The experimental scheme and the content of UPC are shown in Table 4 . 
Experimental equipment
The equipment for reactivity of sample with CO2 is shown in Figure 2 . The sample is placed into the reactor which is suspended under the electronic balance. The gas was introduced from the bottom of the reactor, passed through the sample and flowed out from the top. In this process, a layer of alumina balls with a thickness of about 100 mm is paved at the bottom of the reactor to ensure a steady flow of gas through the sample and reduce the experimental error. The equipment can be controlled by computer, and the maximum temperature can reach 1500°C.
The micro-topography changes of coke after reaction were observed by using the JSM-6510LV type scanning electron microscopy (SEM) made in Japan.
The apparent porosity of the coke was measured with XQK-02 type apparent pore bulk density determinator made by Sinosteel Group, as shown in Figure 3 . 
The experimental indexes
The experimental indexes include CRI (coke reactivity), CSR and apparent porosity. The CRI and CSR were determined according to the method of GB/T4000-2008. The calculation methods of CRI (%) and CSR (%) are shown in the formula (2) and (3) respectively.
Where m is the initial mass (g) of coke sample, m1 is the residual mass (g) of coke after reaction and m2 is the mass (g) of coke that larger than 10mm after the I drum test.
The apparent porosity P (%) of coke is calculated by formula (4).
Where x1 is the mass (g) of dry coke sample, x2 is the suspension mass (g) of coke located into the apparent pore bulk density determinator and x3 is the saturated mass (g) of coke after removing excess liquid on its surface.
Results and Discussion

The dynamic analysis
The research results of Zhang [31] have shown that the reactivity of UPC with CO2 is about 2~4 times higher than that of coke, because of the large specific surface area of UPC. The gasification activation energy of UPC is lower than that of coke, so the reactivity of UPC is about 10 times higher than that of coke [26] . The dynamic analysis of the gasification reaction process is carried out to explore the restrictive step.
The solution loss reaction between coke or UPC with CO2 is the gas-solid heterogeneous reaction. In this process, the activation point on the surface of coke or UPC is continuous react with CO2. The mechanism of the solution loss reaction has been studied by predecessors, and the generally accepted mechanism is as follows [13, [32] [33] [34] [35] [36] [37] [38] .
Where K1 or K2 is the equilibrium constant, Cf is the carbon atom located at the activation position. Cf(O) and C(O)Cf(O) are the two types intermediate products, representing semiquinone and off plane oxygen complex respectively.
The reaction process of UPC or coke with CO2 accords with the classical unreacted core model. The reaction process as following five steps: (1) The external diffusion is that the gas reactant CO2 passes through the gas-solid boundary layer and reaches to the surface of particles. (2) The internal diffusion is that the gas reactant CO2 diffuses through loose ash product layer to reach the reaction interface. (3) The gas reactant CO2 reacts with the particles to generate CO and ash at the reaction interface. This process consists of adsorption, interfacial chemical reaction, CO desorption and other steps. (4) The gas product CO diffuses through loose ash layer to reach the surface of product layer. (5) The CO diffuses into the external gas phase through the gas-solid boundary layer. The reaction mechanism process of UPC or coke with CO2 is shown in Figure 4 .
The following assumptions are made for the reaction process of UPC or coke with CO2 : (1) the UPC or coke is an isotropic spherical particle and well distributed, (2) By literature review, during the gas-solid reaction (gasification of carbon), when the gas flow rate is over 0.83 L/min, the effect of external diffusion can be eliminated [39, 40] . Also , in my preliming work, the dioxide with flow rates of 5 L/min and 10 L/min was used to react with coke. The results show that the effect of external diffusion on the reaction can be completely neglected, and (3) The loss of oxygen included in oxides of UPC or coke is neglected. The restrictive step between UPC or coke and CO2 may be the following two processes: (1) the CO2 diffuses through loose ash product layer to reach the reaction interface. (2) The interfacial chemical reaction between CO2 and unreacted core. 
The determination of restrictive steps
The reaction is dominated by CO2+C=2CO, so the reaction fraction α is defined as follows.
Where m0 is the initial mass (g) of sample, mt is the mass (g) of sample at time t and Fc is the fixed carbon content (%) of sample.
(1) Assuming internal diffusion control If the interfacial chemical reaction rate is much larger than the diffusion rate in the product layer, the interfacial chemical reaction resistance can be neglected. The reaction of UPC or coke with CO2 is considered to be controlled by the internal diffusion reaction. The concentration of CO2 at the edge of the coke or UPC is same as that in the gas phase, and the distribution of gas concentration is shown in Fig. 5 .
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Original concentration of gas Figure 5 . The concentration distribution of CO2 under internal diffusion control The diffusion process accords with the Fick law, and the reaction rate can be expressed by Ginstling−Brounshtein equation (10) [41] or Jander equation (11) 
Where the k is the reaction rate constant (min -1 ) and t is the time (min). The experimental data is processed according to the above formula and the results are shown in Figure 6 . y=0.0002x-0.0036
y=0.0002x-0.0041
=0.9013 Figure 6 . Reaction kinetics analysis when diffusion is restricted step As shown in Figure 6 , The linear fitting degree of UPC is 0.9623 and 0.9013, respectively. At the same time, the linear fitting degree of coke is also low, 0.9439 and 0.9371, respectively. The reason is that the internal pore structure of the coke or UPC will become larger after the reaction with CO2 at high temperature, and some independent pores are connected together, which provides a good kinetic condition for gas diffusion. Therefore, the internal diffusion is not the restrictive step of the reaction.
(2) Assuming interfacial chemical reaction control If the resistance of the other steps is less than that of the interfacial chemical reaction, it indicates that the interfacial chemical reaction is the restrictive step. The concentration of CO2 is the same in the gas phase, the edge of sample and the interface of unreacted core. The gas concentration distribution is shown in Figure 7 . It is considered that the reaction is a first-order irreversible reaction. The gasification reaction rate can be expressed by the Mckewan equation [43] , as shown in the formula (12).
1-(1-α) 1/3 =kt (12) The relationship between 1-(1-α) 1/3 and t is obtained by processing the experimental data according to the above equation, and the result is shown in Figure 8 . 
Figure 8. Reaction kinetics analysis when interface reaction or local reaction is restricted step
It is shown from Figure 8 that the correlation coefficient R 2 ≥0.99, 1-(1-α) 1/3 has a good linear relationship with t, which shows that the hypothesis is reasonable and interfacial chemical reaction is the restricted step. In the process of solution loss reaction, the product of CO in the internal pores of coke or UPC is not spread to the outside of particles in time, resulting in high concentration of CO. And the reactions of (5) and (6) That prevents the further generation of CO and limits the reaction to continue.
The effect of UPC on CRI and CSR
The CRI is the ability of Coke to react with carbon dioxide, oxygen and water vapor. The CSR refers to the ability of the coke to resist fragmentation and abrasion under the action of mechanical force and thermal stress. The results of the experiment are shown in Figure 9 . Figure 9 . The effect of UPC ratio on coke reactivity and strength after reaction From Figure 9 , it can be seen that the CRI decreases with the increase of UPC content, and the CSR increases with the increase of UPC content. When the content of UPC is 10%, the CRI is decreased by 2.3% and the CSR is only increased by 0.6%. When the content of UPC is 10~20%, the CRI and CSR change rapidly. The CRI is decreased by 6.8% and the CSR is increased by 3.8%, which shows that the UPC has great effect on coke in this content interval. The change of CRI and CSR is not significant and the UPC has little effect on coke when the content of UPC increases to 25~30%. Through the above analysis, the following conclusions can be drawn：(1) the UPC plays a good role in the protection of coke, (2) It is not that the higher the content of UPC is, the more serious the effect will be on coke. The reason is mainly come down to two aspects: (1) the reactivity of UPC is higher than that of coke, so CO2 will react with UPC first, (2) the UPC on the edge of Coke will react with CO2 to produce residual substance, which will adhere to the surface of the coke. This can effectively prevent the CO2 from further reacting with coke.
The effect of UPC on the coke apparent porosity
The coke with complex structure is composed of a large number of different sizes pores and pore walls. Therefore, the CO2 will enter the channels inside the coke for carbon gasification reaction, which is certainly will affect the porosity of coke. The effect of different content of UPC on the coke apparent porosity is shown in Figure 10 . apparent porosity /% Figure 10 . The effect of UPC ratio on coke apparent porosity It can be seen from the Figure 10 that the apparent porosity of coke decreases with the increase of UPC content. When the content of UPC is 10~20%, the apparent porosity of coke decreases obviously, and the change is 9.5%. At this stage, the CO2 has a strong erosion effect on coke. However, when the content of UPC is 20~30%, the downtrend of the coke apparent porosity is significantly slowed down, which also indicates that the erosion effect of CO2 on the coke is obviously weakened.
The evaluation of indexes
The CRI, CSR and apparent porosity can be used as indexes to evaluate the quality of Coke. While some index value should be as large as possible and other index values should be as small as possible. Meanwhile, the content of UPC has significant influence on these three indexes. The synthetic weighted mark method is used to determine the importance level of each experimental index. Thus a scientific and effective experimental scheme can be selected, and the comprehensive influence of UPC content on coke quality is analyzed.
The establishment of evaluation matrix
Supposing that there are n experimental schemes and is denoted as I={1,2,3,···,n}, there are m experimental indexes and is denoted as J={1,2,3,···,m}. Then the evaluation matrix is defined as X=(xij)n×m. 
Unifying the quantitative grade of the indices
In this study, the larger the values of CSR, the better, while the smaller the values of CRI and apparent porosity, the better. So the larger the final evaluation value, the better. The method was as follows:
First, in order to unify the trend demands of the various indices (CRI, CSR and porosity), eliminate the non-commensurability among them, and obtain the matrix Y=(yij): 0.00 62.87 0.00 0.64 63. 22 
Determine the subjective weight of the index
Modern ironmaking workers have a consistent understanding of the index of CSR, and believe that high CSR is beneficial to ironmaking. However, there are different views on CRI. From the perspective of BF smelting , some people think that a low CRI leads to an increase in gasification temperature of coke. This will help to develop indirect reduction and thus reduce the coke ratio. But the research of the company of NIPPON STEEL and SUMITOMO METAL (NSSM) has shown that the use of high reactivity carbon can reduce the temperature of BF insulation belt. This will significantly improve the reaction efficiency of BF, reduce the coke ratio and coal ratio ultimately. Therefore, based on the above analysis, the subjective weights of the experimental indexes (CRI, CSR and apparent porosity) are: CRI=T1=0.2, CSR=T2=0.4 and apparent porosity=T3=0.4, respectively. Finally, the T=(0.2, 0.4, 0.4) T .
Define:
Determine the objective weight of the index
The objective weight of each index is determined by the entropy method: 
The calculation of synthetic weighted mark value
The preference coefficient is 0.5, and the comprehensive weight of each index is obtained according the formula (21): 
The comprehensive evaluation fi is calculated according the following formula: 
Finally, the result of synthetic weighted mark value is as follows: f=[0, 16.03, 41.05, 73.78, 89.31, 100] (25) The relationship between the content of UPC and the synthetic weighted mark value is shown in Figure 11 . Figure 11 . The relationship between UPC ratio and comprehensive index The result shows that the higher the content of UPC, the greater the synthetic weighted mark value, which shows that the higher the content of UPC is, the better the quality of coke in BF. However, when the content of UPC is more than 20.87%, the effect of UPC on the quality of coke is gradually slow down. This indicates that the protection of coke is not improved when the content of UPC is further increased. When the content of UPC is 11.24~20.87%, the synthetic weighted mark value increases sharply, which indicates that the protective effect of UPC on coke quality in this range value is most significant. It can be concluded from the above analysis that although the higher the content of UPC, the better the coke quality. But considering the comprehensive index, it is of little significant effect on coke to improve the content of UPC indefinitely. Therefore, it can be determined that the upper limit content of UPC in coke is 20.87%, that is, the minimum combustion rate of pulverized coal is 79.13%. It can be inferred that when the coke rate is kept 350 kg/t and the coal rate is increased to 160 kg/t, the minimum combustion rate of pulverized coal needs to be maintained at the level of 80.43%.
The microscopic analysis of coke 3.6.1 The effect of UPC on external structure of coke
The edge of coke after reacting with CO2 was observed by electron microscope, as shown in Figure 12 . It can be seen from Figure 12 (a), when no UPC is added to the coke, there are many deep pores in the coke edge, and the pulverization of matrix in the pores is serious. This indicates that the erosion effect of CO2 on coke is significant. When the content of UPC is 10~15% (Figure 12(b) and (c)), there are still many erosion pits on the coke edge, but the phenomenon of pulverization has improved. As the content of UPC increased to 20~30%, the erosion of coke edge is improved, the pores gradually became shallower and the number of pores decreased. In Figure 12(d) , the matrix of coke is eroded slightly. In Figure 12 
.2 The effect of UPC on internal structure of coke
For analyzing the solution loss reaction of coke pore wall and matrix, the internal structure of coke after reaction is observed with electron microscope. The result is shown in Figure 13 . When the coke reacts with CO2, new pores and connected pores are generated. On the whole, the deterioration degree of the interior of coke decreases with the increase of UPC content. When UPC is not added to the coke (Figure 13a ), the pore wall is eroded severely and become loose. There is obvious powdering phenomenon, the pore collapsed seriously. The solution loss reaction of coke is violently. There are also many macropores and connected pores, resulting in the coke structure became loose. When the content of UPC is 10% (Figure 13b ), the erosion degree of internal pore wall of coke reduced, the degree of pulverization is improved, and the number of pores is decreased. But there are also many macropores and connected pores. When the content of UPC is 15~20% ( Figure  13c, d) , the number of independent pores is reduced, the phenomenon of connected pores disappeared, and the degree of pore wall pulverization further improved. With the further increase of UPC content (Figure 13 e, f) , the internal macropores of coke almost disappeared. There are only some pits, and the coke matrix is also well preserved. Compared with Figure 13 (e) and (f), there is little difference in the internal structure of coke, which shows that the protective effect of UPC on Coke is not much improved when the content of UPC increased to a certain extent. This result is also approved the result of synthetic weighted mark method. 
. Conclusions
The influence mechanism of different UPC content on coke quality was studied, and the kinetic mechanism of coke react with CO2 was determined. The synthetic weighted mark method is used to comprehensive analyze CRI, CSR and apparent porosity. The following conclusions are obtained:
(1) Because of the developed pore structure inside the coke and the high concentration of CO during the reaction process, the restrictive step of UPC or coke with CO2 is the interfacial chemical reaction, and accords with Mckewan equation: 1-(1-α) 1/3 =kt. (2) The CRI and apparent porosity decrease with the increase of UPC and contrary to that of CSR. When the content of UPC is 10~20%, the UPC has great effect on coke, and the CRI, CSR and apparent porosity change greatly. CRI decreased by 6.8%, CSR increased by 3.8%, and apparent porosity decreased by 9.5%. (3) The UPC can effectively reduce the erosion effect of CO2 on the internal and external of coke, thus avoiding the large erosion pits on the external of coke, preventing the matrix dissolution and pore wall erosion. (4) The higher the content of UPC is, the higher the synthetic weighted mark value. When the content of UPC is 11.24~20.87%, the synthetic weighted mark value rises sharply, and the content of UPC in this interval has a severe effect on Coke. By this method, the minimum burning rate of pulverized coal in BF can be determined. Fig. 1 The degradation process of coke in BF Fig. 2 High temperature heating reaction device Fig. 3 The measuring device for apparent porosity Fig. 4 The reaction mechanism of UPC or coke with CO2 Tables ( 4 in all) Table 1 The industry analysis (in mass%) Table 2 The chemical composition of UPC ash (in mass%) Table 3 The experimental condition Table 4 The experimental sheme
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